ABSTRACT: Efficient nonradiative energy transfer is reported in an inorganic/organic thin film that consists of a CdSe/ZnS core/shell colloidal quantum dot (QD) layer interfaced with a phosphorescent small organic molecule (FIrpic) codoped fluorescent host (TCTA) layer. The nonradiative energy transfer in these thin films is revealed to have a cascaded energy transfer nature: first from the fluorescent host TCTA to phosphorescent FIrpic and then to QDs. The nonradiative energy transfer in these films enables very efficient singlet and triplet state harvesting by the QDs with a concomitant fluorescence enhancement factor up to 2.5-fold, while overall nonradiative energy transfer efficiency is as high as 95%. The experimental results are successfully supported by the theoretical energy transfer model developed here, which considers exciton diffusion assisted Forster-type near-field dipole−dipole coupling within the hybrid films. P hosphorescent small organic molecules have been promising materials for organic light-emitting diodes, owing to their luminescent triplet states, which enabled internal quantum efficiencies up to unity.
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ABSTRACT: Efficient nonradiative energy transfer is reported in an inorganic/organic thin film that consists of a CdSe/ZnS core/shell colloidal quantum dot (QD) layer interfaced with a phosphorescent small organic molecule (FIrpic) codoped fluorescent host (TCTA) layer. The nonradiative energy transfer in these thin films is revealed to have a cascaded energy transfer nature: first from the fluorescent host TCTA to phosphorescent FIrpic and then to QDs. The nonradiative energy transfer in these films enables very efficient singlet and triplet state harvesting by the QDs with a concomitant fluorescence enhancement factor up to 2.5-fold, while overall nonradiative energy transfer efficiency is as high as 95%. The experimental results are successfully supported by the theoretical energy transfer model developed here, which considers exciton diffusion assisted Forster-type near-field dipole−dipole coupling within the hybrid films. P hosphorescent small organic molecules have been promising materials for organic light-emitting diodes, owing to their luminescent triplet states, which enabled internal quantum efficiencies up to unity. 1, 2 On the other hand, optical properties of the phosphorescent molecules are not versatile; for example, it is difficult to tailor emission color and the fullwidth at half-maximum (fwhm) of the phosphorescent emission, and the phosphorescence emission is generally wide. 3, 4 Alternatively, colloidal quantum dots (QDs) are appealing fluorescent material systems, which are versatile light engines owing to their high photoluminescence quantum yield and ease of color tunability through quantum confinement effect and their narrow emission fwhm. 5, 6 Combining the favorable properties of these material systems holds great promise for achieving superior light-emitting materials toward efficient hybrid optoelectronic devices.
Previously, several works reported blended systems of the QDs and the phosphorescent molecules in the form of hybrid thin films. 7−9 In refs 8 and 9, a phosphorescent emitter was shown to enhance the electroluminescence performance of the QDs, which was attributed to the presence of energy transfer from the phosphorescent molecules into the QDs. However, this nonradiative energy transfer in these hybrid thin films was not understood well nor engineered for the singlet and triplet exciton harvesting by the QDs. 10 To date, only Anikeeva et al. have experimentally shown the possibility of nonradiative energy transfer (NRET) in a bilayer thin film of a QD monolayer and green emitting phosphorescent small organic molecule Irppy 3 codoped CBP. In this architecture, proof-ofconcept demonstration of the fluorescence emission enhancement of the QDs was shown by a factor of 1.55. 11 This enhancement was attributed to NRET, which is either due to near-field dipole−dipole coupling or Dexter-type energy transfer. Therefore, the underpinning mechanism of this energy transfer from phosphorescent Irppy 3 molecules, which are doped into CBP fluorescent host, into the QDs was not clear nor understood in this aforementioned work. 11 More importantly, the potential of this type of nonradiative energy transfer in terms of enhancement of the emission of the QDs was not systematically studied before. Also, the effect of fluorescent host (i.e., CBP, TCTA, etc.) to the energy transfer into the QDs in these phosphorescent codoped exciton donor media was not considered. However, these wide bandgap fluorescent host materials are shown here to substantially affect the NRET because excitons are primarily formed in these fluorescent hosts and funnelled into the phosphorescent molecules and then transferred into the QDs via NRET.
In this work, we study NRET in a bilayer organic−inorganic thin film consisting of phosphorescent emitter FIrpic that is doped into wide bandgap fluorescent host TCTA, where the organic layer is interfaced to the core/shell CdSe/ZnS QDs. Figure 1a exhibits the representative schematic of the hybrid bilayer thin films. FIrpic is a cyan-emitting phosphorescent molecule and is chosen specifically to enhance the spectral overlap between the donor emission and the acceptor QDs' absorption to maximize the critical energy transfer radius (i.e., Forster radius). 12 The acceptor QDs, core/shell CdSe/ZnS, are chosen because of their increased environmental stability and ease of color tunability through the one-pot synthesis route. 13 Additionally, the inorganic ZnS shell thicker than 2 nm helps to block any charge injection into the QDs. We study this energy transfer when TCTA or the FIrpic:TCTA layer is introduced to the QD layer via steady state and time-resolved fluorescence spectroscopies. Also, through photoluminescence excitation (PLE) measurements, we show that NRET actually takes place in the QDs after a cascaded exciton transfer in the organic layer. This type of cascaded energy flow has been observed for the thin films of all organic molecules before, but not for inorganic−organic hybrids. 14, 15 When the QDs are interfaced to the phosphorescent codoped organic film, the excitons that were initially funnelled to FIrpic are now transferred to the QDs. Additionally, bare fluorescence host TCTA film is found to be an efficient energy transfer donor for the acceptor QDs even though there is no phosphorescent codoping owing to the efficient singlet exciton harvesting. In the case of FIrpic codoped organic layers, NRET is found to be further enhanced as compared to the case of TCTA alone owing to the increased dipole−dipole coupling and harvesting of the singlet and triplet excitons. To reveal the potential of the NRET in these inorganic−organic systems, we systematically vary the thickness of the organic film from 5 to 20 nm. The maximum enhancement factor of the fluorescence of the QDs is found to be as high as 2.5-fold when the organic film thickness is 20 nm. The theoretical energy transfer model that considers the exciton diffusion assistance to NRET, which is shown to be due to Forster-type dipole−dipole coupling, is proposed. This energy transfer model excellently predicts the experimental fluorescence enhancement factors in the QD emission. In Figure 1b , absorbance and PL spectra of the QDs are shown together with the emission spectra of TCTA and FIrpic. The QDs have broad absorption spectra that match well with the emission of TCTA and FIrpic. Therefore, near-field coupling between FIrpic codoped TCTA film and the QDs is expected to be strong.
The energy transferring thin films are prepared first via spin coating of the QD layer on precleaned glass substrates followed by the thermal evaporation (i.e., sublimation) of the organic films under high vacuum conditions (base pressure <4 × 10
Torr). The thickness of the QD layer is measured as 20 nm (±0.1 nm) by optical ellipsometry corresponding to an approximately three-monolayer-equivalent QD layer, as also verified by the small root-mean-square surface roughness (<2 nm) via atomic force microscopy. The ellipsometery measurements were performed in the near-infrared region to eliminate the absorption of the red-emitting QDs in the visible. For the organic film, the codoping concentration of FIrpic in TCTA is set as 10% to prevent quenching of the triplet states. The thickness of the organic layer is varied between 5 and 20 nm while keeping the codoping concentration the same. We performed both steady state and time-resolved fluorescence spectroscopy on the film samples including bare QDs, bare TCTA, FIrpic:TCTA, TCTA/QDs, and FIrpic:TCTA/QDs. Figure 2 exhibits the fluorescence of these samples, when excited by a pump wavelength at 330 nm, while the organic layer is 20 nm thick.
As shown by Figure 2 , the emission of the TCTA peaks at 388 nm. FIrpic has a peak emission at 470 nm. For the FIrpic:TCTA sample, the emission of TCTA is suppressed considerably due to the almost complete exciton funnelling into FIrpic from TCTA. 15 When the organic layer is interfaced with the QDs, the QDs act as an efficient exciton sink for the codoped organic layer. Due to NRET, the emission of TCTA and/or FIrpic is quenched, while the emission of the QDs is simultaneously enhanced. Figure 3a shows the PLE spectra measured for the peak emission wavelength of the QDs. For the bare QD sample, the PLE curve (red-solid curve) follows a trend similar to the absorption of the QDs. When the TCTA or FIrpic:TCTA energy-transferring organic layer is introduced to the QDs, two additional peaks arise in the PLE spectra of the QD emission around 300 and 330 nm as shown by orange and green curves in Figure 3a . These peaks correspond to the spectral regions where TCTA and FIrpic are optically excited as shown by the PLE curves that are measured for the TCTA and FIrpic emission peaks in Figure 3b . This enhancement of the PLE of the QDs in these specific spectral regions clearly indicates the transfer of the excitons into the QDs from the organic layer. The PLE enhancement of the QD emission is greater in the case of FIrpic:TCTA as compared to the case of the TCTA donor by a factor of 1.25. Since the PLE spectrum of the FIrpic emission almost exactly resembles the PLE spectrum at the TCTA emission peak (see Figure 3b) , this asserts that FIrpic molecules are dominantly excited via strong internal excitation energy transfer of the excitons in the host materials due to its abundance (90% in our case). This has been observed in the literature for a similar phosphorescent emitter Irppy 3 .
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Then, these excitons that are primarily generated in TCTA are funnelled to FIrpic. As we cannot differentiate the PLE signal of FIrpic from that of the TCTA, it is not possible to comment on whether FIrpic can actually transfer excitons into the QDs or not from these PLE measurements.
To verify the contribution of FIrpic to the NRET, we perform time-resolved fluorescence measurements on these samples using a picosecond pulsed pump laser at 375 nm. Figure 4a depicts the phosphorescent decay curves of FIrpic molecules for the FIrpic:TCTA and FIrpic:TCTA/QDs samples (when the organic film thickness is 20 nm). FIrpic phosphorescence decay is significantly accelerated when the QDs are interfaced to the organic layer, which undoubtedly verifies the existence of an exciton transfer channel for the FIrpic molecules. Thus, FIrpic molecules can clearly contribute to the exciton transfer into the QDs. In the absence of the QDs, the FIrpic phosphorescence decay lifetime is 994 ns. When the QDs are introduced, the lifetime drops to 366 ns (here a double exponential fit is used with 47.8% of 645 ns and 52.2% of 112 ns). The shortening of the phosphorescence lifetime of FIrpic indicates that a new channel has been opened up for the relaxation of the FIrpic molecules in addition to the intrinsic radiative and nonradiative decay channels. The NRET rate and NRET efficiency are calculated as 1.72 × 10 −3 ns −1 and 63%, respectively. When we investigate thinner codoped organic layers, the lifetime of FIrpic is observed to be much shorter as compared to the thicker codoped layers. This shows that the NRET efficiency grows stronger as the thickness of the organic layer is kept thinner from the donor point of view. In the case of 5 and 10 nm thick codoped organic films interfacing the QDs (QD/FIrpic:TCTA), the FIrpic lifetime is measured to be 40 and 60 ns, respectively. Thus, a surpassing NRET efficiency as high as 95% is achievable in these hybrid QD− phosphorescent doped small molecule based energy transferring thin films. Alternatively, excitons in the hybrid thin films can be transferred directly from TCTA into the QDs as illustrated in Figure 3c in contrast to the cascaded energy transfer route.
In the case of the fluorescence decay of the acceptor QDs, the NRET is independently verified by the observation of slower QD fluorescence decays when the energy-donating TCTA or FIrpic:TCTA is introduced to the QDs as compared to the case of the bare QDs. This slow down of the QD fluorescence decay is attributed to the exciton feeding via NRET. Here, we clarify that the degree of cross-talk between the emission of FIrpic and QDs at the peak emission wavelength of the QDs is negligible (see Supporting Information). The lifetime of the acceptor QDs is increased from 5.07 ns (bare QDs) to 7.87 ns (TCTA/QDs) and 7.80 ns (FIrpic:TCTA/QDs). There is no drastic change in the emission kinetics of the QDs since the time-resolved fluorescence spectra are recorded using a picosecond pump laser at 375 nm, where only a small number of excitons can be generated in the organic layer (see PLE of the TCTA and FIrpic in Figure 3b) . Therefore, the QDs are dominantly excited by directly absorbing the pump photons since only a small number of excitons could be nonradiatively transferred from the organic layer. This is also understood by the very little enhancement of the PLE of the QDs at 375 nm as shown in Figure 3a . In Figure 4b inset, the decay of the QDs is shown in the initial time frame, where the decay is slowed down for the samples of TCTA/QDs and FIrpic:TCTA/QDs. This initial exciton feeding is actually attributed to the fast NRET rate mainly caused by TCTA. Thus, the NRET rate due to TCTA will have a faster rate on the order of ns −1 as compared to the phosphorescent FIrpic donor, which has a slower NRET rate (1.72 × 10 −3 ns −1 ) due to the intrinsic slow radiative decay. 17 Therefore, the exciton feeding effects of the phosphorescent molecules to the QDs should be observed over a longer time window as shown in Figure 4b , where the tail of the QD fluorescence decay becomes elongated for the FIrpic:TCTA/ QDs sample as compared to the TCTA/QDs and bare QDs samples. This indicates that FIrpic has a slow NRET rate due to the intrinsic slow radiative rate of the phosphorescent molecules.
In Figure 5a experimentally measured fluorescence enhancement of the steady state PL of the QDs as a function of organic film thickness (from 5 to 20 nm in a 5 nm step size) is plotted when the excitation pump wavelength is at 330 nm. The maximum enhancement of the QD emission is 2.5-fold and 2-fold for the FIrpic:TCTA and TCTA donors, respectively. Although NRET efficiency was found to be the highest (∼95%) for the thinnest organic layer case (i.e., 5 nm), the fluorescence emission enhancement in the QDs is found to be the highest for the thickest organic layer case (i.e., 20 nm). This phenomenon is attributed to the increased exciton population in the organic film as its thickness is increased, and with the help of exciton diffusion in the codoped organic layer a greater number of excitons can be funnelled into the QDs via NRET as compared to the thinner codoped organic layers. To understand this possible exciton diffusion assistance to the NRET in these bilayer film samples, we devise an NRET model, which combines exciton diffusion in the organic layer in the form of random walk and Forster-type nonradiative energy transfer into the QDs. 18 The exciton diffusion is described as a 3D random walk on a discrete cubic lattice. First, an exciton is optically created in the organic layer with an initial random position within the organic layer while considering the geometric distribution of the excitons in the organic layer due to the absorption profile in the organic layer. Any created exciton can move a single step of length ε in a random direction after each time interval (Δt) while being confined to the boundaries of the organic layer unless NRET takes place. The maximum number of steps (N max ) required for the exciton to travel a distance equal to the diffusion length L D is given by N max = g(L D /ε), where g = 6 is the degree of freedom. The time step (Δt) is related to the donor fluorescence lifetime by the 
where r is the distance between the exciton position and the QD center; σ QD is the number of QDs per unit area; and R 0 is the Forster radius for the organic layer to the QD pair. The distance dependence is r −4 due to the two-dimensional construct of the acceptor QDs. 20 Next, we define the probabilities for energy transfer during the time step Δt as
Here t = NΔt is the time; N = 0, 1, 2, ..., N max is the step number; and P ET is the probability for an exciton to be transferred to the QD. Substituting eq 1 into eq 2 and using t = NΔt and Δt = τ D /N max , we obtain
To determine whether the exciton is transferred or not, we set P trans > 0.9. Thus, if P trans > 0.9 the exciton is assumed to be transferred, and the random walk of the exciton ends; if not, the exciton diffusion continues to the next time step. This algorithm continues until either the exciton is transferred or the maximum exciton diffusion length is reached. Now, we estimate the NRET efficiencies as a function of the organic layer thickness. The parameters that are used for the model are diffusion length L D = 15 nm, 21 random walk step size ε = 1 nm, and QD radius R QD = 3 nm (as measured by TEM images). At 330 nm, the absorption coefficient of TCTA is about 3 × 10 5 cm −1 , whereas it is about 1 × 10 5 cm −1 for the QDs. 22 For the TCTA/QD sample, the Forster radius is estimated to be R 0 = 4.957 nm. For this, the molar extinction coefficient of the QDs is calculated as 4.1 × 10 5 M/cm; the PL quantum yield of the TCTA is used as 20%; 23, 24 and the refractive index of the medium is taken as 1.7. 11 The fluorescence lifetime of the TCTA is measured as τ D = 3.98 ns. For the TCTA:FIrpic/QD sample, Forster radius is estimated as R 0 = 6.030 nm. The PL quantum yield of the FIrpic is assumed as 80%. 21 The phosphorescence lifetime FIrpic is measured as τ D = 994 ns. In Figure 5b , the modeled NRET efficiencies are plotted as a function of organic layer thickness for the case of the TCTA:FIrpic/QD sample. Also, NRET efficiencies are plotted without exciton diffusion assistance to NRET. The exciton diffusion assistance significantly helps for enhanced NRET efficiencies. However, we observe that discrepancy between the exciton diffusion assisted NRET model and the experimental NRET efficiencies increases as the organic layer thickness is increased (see Figure  5b ). This indicates that even much stronger exciton diffusion assistance should be active in the energy transfer process of the excitons from the organic phase into the QDs. Then, using the modeled NRET efficiencies and the exciton distribution in the organic layer we calculate the fluorescence enhancement factor of the QD emission. These modeled enhancement factors are plotted as a function of the organic film thickness with dashed lines (see Figure 5a ). As can be seen in Figure 5a , the exciton diffusion-assisted exciton transfer model that we propose predicts the photoluminescence enhancement of the QDs with a good agreement until 20 nm organic layer thickness. We have a slight deviation in the 20 nm organic layer thickness case, and we believe that the discrepancy of organic layer thickness is due to our assumption that exciton diffusion is isotropic in the organic layer. If we were to introduce just a little anisotropy (tendency of diffusion toward the QD layer is slightly larger than the other directions), then we achieve much better agreement (not presented here) in the 20 nm thick organic film. Therefore, exciton diffusion might be anisotropic in these hybrid organic−inorganic films due to an energy gradient toward the interface. These calculated results agree very well with the experimental results.
In conclusion, we studied exciton transfer in a bilayer nanostructure of QDs interfaced with phosphorescent small organic FIrpic molecules in a fluorescent TCTA host via steady state and time-resolved fluorescence spectroscopies. We showed that TCTA alone is an efficient exciton donor for the QDs. On the other hand, utilization of FIrpic increases the exciton funneling into the QDs. Overall, the emission of the QDs is increased up to 2.5-fold. These significant enhancements in the fluorescence of the QDs are found to be due to exciton diffusion assistance to NRET. These findings suggest that such hybrid thin films employing phosphorescent molecules are promising for efficient exciton harvesting.
■ ASSOCIATED CONTENT * S Supporting Information Analysis of the cross-talk between the emission of FIrpic and QDs at the peak emission wavelength of the QDs. This material is available free of charge via the Internet at http://pubs.acs.org.
